Inhalational therapy is an effective means to deliver therapeutic agents to the lung, which is the most common "target organ" for metastases in osteosarcoma. Based on preliminary data on the antitumor effects of GM-CSF, we embarked on a study of inhaled GM-CSF and measured the immunostimulatory effects of this therapy by performing immunostains for dendritic cells on resected tumor nodules, and evaluated them for Fas/FasL expression. Although there was no evidence of invasion of dendritic cells into the lung nodules, and no increased expression of Fas/FasL post therapy, this study provided proof of principle that it is feasible to deliver aerosol therapy with a biologic agent to patients with osteosarcoma. Given preliminary data from other investigators that early lymphocyte recovery is related to prognosis in osteosarcoma and Ewing sarcoma, future directions could focus on stimulation of the immune system both locally and systemically to improve lymphocyte numbers.
INTRODUCTION
The most common site for recurrence of osteosarcoma is the lung. Patients who develop pulmonary recurrence have a poor outcome with a 5 year survival ranging from 23-44%, with resectability and time from completion of initial therapy to relapse being the most important prognostic factors (1) (2) (3) (4) (5) (6) (7) (8) (9) . The role of chemotherapy in recurrent osteosarcoma is controversial, with the largest retrospective study suggesting that chemotherapy may "contribute to limited improvements of outcome" while acknowledging physician bias in which patients received chemotherapy (5) . Moreover, most patients have received all agents with demonstrated activity during their initial treatment of osteosarcoma. This limits therapeutic options after recurrence because of cumulative organ toxicity concerns and presumed resistance to previously used chemotherapeutic agents.
An immunostimulatory approach which directly targets the lung is an attractive alternative to explore for patients with first pulmonary recurrence of osteosarcoma.
Based on preliminary animal data on the antitumor effects of GM-CSF (10, 11) and initial phase 1 data on inhalational GM-CSF in humans (12) (13) (14) , we embarked on a trial of inhaled GM-CSF for first pulmonary recurrence of osteosarcoma (AOST0221). The ability of OS cells to metastasize to and grow in the lung has been shown to inversely correlate with their cell surface expression of Fas and is linked to the constitutive expression of FasL in the lung (15) . Moreover the induction of Fas on established lung metastases using aerosol therapy results in tumor regression (16) . We have previously demonstrated that OS lung metastases from patients with OS were Fas negative (17) . We Inhaled GM-CSF for pulmonary recurrence of osteosarcoma Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
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Treatment Program
Patients were assigned to one of two treatment schedules, depending on whether they had unilateral or bilateral lung metastases as determined by the institutional radiologist at enrollment. Figure 1 shows the experimental design schema. Patients with imaging consistent with unilateral recurrence underwent inhalation of GM-CSF (kindly provided by Genzyme) twice daily, on days 1-7, and 15-21, followed by thoracotomy on day 22 or as soon as possible following day 21 treatment (within 24-72 hours). Patients resumed treatment on day 29, or as soon as they were able to within 7-14 days post surgery. The treatment schedule continued on an alternate week schedule for a maximum of 12 additional cycles (24 weeks) after thoracotomy, or until evidence disease progression at any site. Patients who progressed in the lung during the initial 2 cycles of treatment prior to thoracotomy were eligible to remain on study as long as the nodules did not become unresectable. One cycle of therapy was considered one week of therapy plus one week rest (except during the cycle immediately pre-thoracotomy in which patients went to surgery as soon as possible after their last dose of GM-CSF).
Patients with imaging consistent with bilateral recurrence underwent a unilateral thoracotomy first, prior to any inhalation treatment, and then followed the same schedule above (2 cycles of inhalation therapy followed by thoracotomy on the other side).
Median sternotomy was allowed if this was the institutional practice, but thoracoscopic procedures were not allowed.
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The initial trial design called for 40 eligible patients to be treated with 250 μg of GM-CSF twice daily (BID) based on the phase 1 study. Simultaneous ongoing studies of the treatment of melanoma demonstrated doses of 2000 μg BID could be safely delivered in adults. The study was amended to add two dose levels of 1000 μg BID and 1750 μg BID.
Six patients were to be enrolled at 1000 μg and the safety profile of the agent assessed. If the dose could be feasibly given, the dose was to be escalated to 1750 μg. If this dose could be feasibly administered in six patients, a total of 40 evaluable patients were to be enrolled.
To administer drug, the 500 μg vial of lyophilized GM-CSF was reconstituted with 1 ml of sterile water. The appropriate dose of GM-CSF was withdrawn and then saline was added to the nebulizer cup to administer a total volume of 2.5 ml for the 250 μg dose, 3 ml for the 1000 μg dose, and 3.5 ml for the 1750 μg dose. Patients were instructed in administration technique in the office prior to going home, and were instructed to do the inhalation in the sitting position using a nebulizer with appropriate particle size. Patients were instructed to perform daily peak flows by peak flow meter and to contact their physician if the peak flow fell below 80% of their personal best for 3 or more days that week, or immediately if peak flow fell below 50% of their personal best. For airway irritation secondary to inhalation, use of albuterol inhalation prior to GM-CSF inhalation was recommended. Patients were monitored with chest computed tomography (CT) scans at entry into study, pre-thoracotomy, weeks 8, 16, end of therapy (week 24) and every 2 months thereafter for 1 year after completion of therapy, every 4 months for the second year, and every 6 months during the third to fifth years after completion of therapy.
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Statistical Analysis
The goal was to enroll 40 eligible patients who were evaluable for the biologic endpoints (18) Patients who became unresectable at the end of 2 cycles were considered feasibility failures, and patients who experienced grade III or IV toxicity during the same period were considered feasibility failures. A dose was considered feasible if 5 of the first 6 patients tolerated the dose and were able to undergo resection.
Assessment of Biologic Endpoints
Copyright © 2010 American Association for Cancer Research Methods for assessment of Fas utilizing monoclonal mouse anti-human Fas antibody, as well as evaluation for dendritic cells using an immunohistochemical panel including S-100 protein, CD1a, and clusterin, have been previously described (17) . Tissues were stained for FasL similarly as described for Fas, except that the antibody used was from Santa Cruz BioTechnology, Inc (Santa Cruz, CA) rabbit polyclonal anti-human FasL (N-20) with 1:50 dilution. Secondary antibody was horse-radish peroxidase-labeled goat anti-rabbit IgG from The Jackson Laboratory (Bar Harbor, Maine) with 1:500 dilution.
Immunohistochemical results for S100, CD1a, clusterin were reported as positive or negative, whereas Fas/FasL results were scored as 0, +1, +2 or +3. There was not enough tissue to perform duplicate stains. Fas/FasL was reviewed by one investigator (NK) and immunohistochemical stains were reviewed by another investigator (CI). If there was not enough tissue available for both Fas/FasL and dendritic cell analysis, priority was given to analysis for Fas/FasL.
RESULTS

Eligibility/evaluability
AOST0221 was open for enrollment in July 2004 and closed in December 2008. Data for analysis was taken current to April 2009. Forty-nine patients were enrolled on this study but six were ineligible: three did not have their pulse oximetry done prior to enrollment, two had baseline FEV1 values that were <80% of the predicted value, and one patient did not have a chest CT done within two weeks of starting therapy as required. These six patients were excluded from further analysis. After the first six patients at 1750 μg dose level were evaluated for feasibility, two later patients were feasibility failures: one due to toxicity and one due to becoming non resectable.
Six patients were not evaluable for the biological endpoint. Of these six, two did not have osteosarcoma at the time of thoracotomy. These 2 patients were excluded from the estimation of EFS and overall survival. Two went off protocol therapy for toxicity prior to surgery, and one became unresectable during the first two cycles. The remaining patient had initial thoracotomy documenting recurrence on one side, was enrolled on study for bilateral disease, but on subsequent bilateral thoracotomies had nodules removed that were not consistent with osteosarcoma.
In summary, 43 patients were eligible and considered in the evaluation of toxicity and feasibility. Forty-one were considered for the evaluation of disease outcome. However, only 37 were evaluable for the biological endpoints.
Patients and Treatment
Characteristics of eligible patients including age, gender, race, metastatic status at initial diagnosis and type of recurrence (unilateral vs bilateral) are shown in Table 1 . Inhaled GM-CSF for pulmonary recurrence of osteosarcoma Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
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Among the 27 patients with unilateral disease, 24 had a thoracotomy after their second GM-CSF cycle. The 24 procedures included: (1) unilateral thoracotomy (n=20); (2) bilateral thoracotomy (n=2); median sternotomy (n=1); and a video assisted thoracoscopic resection (n=1). Three discontinued protocol therapy prior to thoracotomy (one became unresectable, one due to toxicity, and one by physician choice in the patient's best interest). Among the 16 patients with bilateral disease, all had their initial thoracotomy before treatment and their subsequent thoracotomy after two cycles of treatment. Fifteen had a unilateral thoracotomy in one lung then a contralateral thoracotomy after two GM-CSF cycles. The sixteenth had a unilateral thoracoscopy before treatment and median sternotomy after two cycles.
OUTCOME
Results of Fas/FasL staining
Sixteen patients with bilateral disease had 19 samples from pulmonary nodules examined after the first thoracotomy (and before treatment with GM-CSF). For patients with more than one sample tested it was not always possible to determine whether samples were from the same nodule or separate nodules in the same patient. Details of the fas/fasL results pre-treatment are presented in Table 2 . Following therapy, 47 resected nodules proven to be osteosarcoma from 37 patients were examined for Fas/FasL. Details of the Fas/FasL results post-treatment are also presented in Inhaled GM-CSF for pulmonary recurrence of osteosarcoma Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
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Results of staining for dendritic cells
There were a total of 37 nodules from 32 patients examined for CD1a, S100, and clusterin. Only 9 were positive for two or more markers (only one was positive for all three). The results are shown in table 3 He evaluated ten different immunomodulatory proteins and found that GM-CSF most significantly protected mice from subsequent tumor challenges. (10) In a study of GM-CSF transformed melanoma cells, secretion of GM-CSF facilitated killing of nontransformed bystander tumor cells.(11) GM-CSF also has a number of actions on immune function which may contribute toward immune recognition and/or tumor destruction in hosts who were previously not able to contain pulmonary metastases. Included in these immunomodulatory and immunostimulatory effects are promotion of increased numbers of and cytotoxicity of activated macrophages, (19) CD4 T cells (20) , improved accessory cell function, (21, 22) increased NK cell activity, (23) , and facilitation of immune responsiveness via dendritic cells. (24) We had previously shown that most pulmonary nodules resected from patients who had not had chemotherapy prior to surgery showed no or only very weak Fas expression and showed only small numbers of antigen presenting dendritic cells.. However, elevated levels of Fas were observed in those patients who received chemotherapy prior to the lung resection (17) . In preclinical animal studies with aerosol gemcitabine, increased expression of Fas receptor was also found after treatment (25) . The inhibition of the Fas signaling in OS tumor cells impaired the response of metastases to aerosol gemcitabine
Copyright © 2010 American Association for Cancer Research treatment, which indicates the significant contributory role of Fas in response to the treatment (16). Based on these findings, levels of Fas/FasL and dendritic cells were used in this study as markers of the response and mechanism of the GM-CSF activity.
In the first phase I study of inhaled GM-CSF, dose escalation up to 250 µg BID on alternate days resulted in no toxicity with only minor changes in pulmonary function tests. One patient with Ewing sarcoma was felt to have had a radiographic complete response, one patient with melanoma had a radiographic partial response, and three patients (leiomyosarcoma, osteosarcoma and melanoma) had radiographically stable disease for 2-6 months (12) . Subsequently, an additional 45 patients were treated (not on protocol) with 250 μg twice daily on alternate weeks, of whom 24 had disease stabilization (n=21) or partial regression (n=3). One patient with melanoma and stable disease had a 10 fold increase in certain melanoma specific T lymphocytes after therapy (26) . In a subsequent much larger phase 1 trial of 40 patients with metastatic melanoma, dose escalation up to 2000 μg twice daily on alternate weeks was feasible without dose limiting toxicity. However, no GM-CSF dose was capable of inducing antitumor immunity in the majority of patients. However, 5 patients developed an immune response to one or more melanoma specific antigens (27) .
We hoped to capitalize on the preliminary data on the immunomodulatory effect of GM-CSF to achieve upregulation of Fas/FasL in tumor cells and migration of dendritic cells to the pulmonary metastases. Despite promising preliminary data on the immunomodulatory effect of GM-CSF there was no evidence of biologic activity or upregulation of Fas/FasL on osteosarcoma in lung nodules. There was also no evidence Inhaled GM-CSF for pulmonary recurrence of osteosarcoma Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
Copyright © 2010 American Association for Cancer Research of presence of dendritic cell recruitment as measured by immunostains for CD1a, clusterin, and S100. Overall survival was similar to that described in multiple previous studies (1-6, 8, 9. ). Our study again provided proof of principle that inhalation therapy for malignancy is a feasible and non-toxic route of administration of GM-CSF, which has shown some activity in other human tumor models (27) . Doses of GM-CSF of 1750 μg twice daily however have not been previously administered to pediatric and adolescent patients. One of the limitations of this study is that we did not prove that GM-CSF actually reached its target of lung metastases. This was not feasible in the current study as it would have required radiolabeling of drug. Moreover, it is not possible to determine whether the lack of recruitment of macrophages or upregulation of Fas/FasL was secondary to lack of drug reaching its target, inadequate drug dosing, or, if the dosing was adequate and drug reached its target, if GM-CSF did not have the hypothesized activity. Chemotherapy may possibly be a better means to upregulate Fas expression.
Fas upregulation on osteosarcoma lung nodules has been described after aerosol gemcitabine (25, 28) . Although GM-CSF, an agent to increase macrophage activation and numbers, did not affect outcome in our study, other means of stimulating immune function could possibly provide benefit. Since a more rapid absolute lymphocyte count recovery after chemotherapy for Ewing sarcoma and osteosarcoma is associated with significantly better survival, future aerosol and/or immune therapy efforts against sarcoma lung metastases possibly may be more effective using agents to improve lymphocyte numbers (29, 30) . In addition, better methods to determine at initial diagnosis which patients are at highest risk for recurrence and therefore the best
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